Laboratory strains of Sindbis virus must bind to the negatively charged glycosaminoglycan heparan sulfate in order to efficiently infect cultured cells. During infection of mice, however, we have frequently observed the development of large-plaque viral mutants with a reduced ability to bind to heparan sulfate. Sequencing of these mutants revealed changes of positively charged amino acids in putative heparin-binding domains of the E2 glycoprotein. Recombinant viruses were constructed with these changes as single amino acid substitutions in a strain Toto 1101 background. All exhibited decreased binding to heparan sulfate and had larger plaques than Toto 1101. When injected subcutaneously into neonatal mice, large-plaque viruses produced higher-titer viremia and often caused higher mortality. Because circulating heparin-binding proteins are known to be rapidly sequestered by tissue heparan sulfate, we measured the kinetics of viral clearance following intravenous injection. Much of the parental small-plaque Toto 1101 strain of Sindbis virus was cleared from the circulation by the liver within minutes, in contrast to recombinant large-plaque viruses, which had longer circulating half-lives. These findings indicate that a decreased ability to bind to heparan sulfate allows more efficient viral production in vivo, which may in turn lead to increased mortality. Because Sindbis virus is only one of a growing number of viruses from many families which have been shown to bind to heparan sulfate, these results may be generally applicable to the pathogenesis of such viruses.
The alphaviruses are RNA viruses which are carried by hematophagous insects, such as mosquitoes, and can infect a wide variety of mammalian and avian hosts. In vertebrates, they can replicate extremely rapidly and cause high-titer viremia, which allows transmission of the virus to new mosquitoes. Sindbis virus (SV) is a particularly well-studied alphavirus which causes a mild rash and arthritis in humans but can cause fatal encephalomyelitis in mice.
The cell surface receptors which allow alphaviruses such as SV to infect such a broad variety of species have not yet been conclusively determined, but it has recently been shown that SV can attach to heparan sulfate (HS), a negatively charged glycosaminoglycan expressed on many types of cells (4, 23, 32) . Sulfated glycosaminoglycans on the cell surface and in the extracellular matrix normally bind a wide variety of growth factors, chemokines, enzymes, and matrix components (30, 45) but are also important in the attachment of a number of bacteria, protozoa, and viruses (42) . Proteins typically bind electrostatically to HS by use of stretches of positively charged amino acids such as Lys and Arg, and attachment of SV to HS is presumably mediated in the same fashion. Although the use of cell surface HS greatly increases the efficiency of SV attachment, it is not absolutely required for infection, and a distantly related Alphavirus, Ross River virus, does not bind HS at all (4) . It has been proposed that the ability of SV to bind HS could be an adaptation which arose in laboratory strains during repeated passaging in tissue culture and that wild-type strains of SV might not bind well to HS (32) . Nevertheless, SV joins a growing number of viruses which have been shown to bind HS, including many herpesviruses, human immunodeficiency virus type 1 (HIV-1), dengue virus, adeno-associated virus type 2, respiratory syncytial virus, foot-and-mouth disease virus (FMDV), human papillomavirus type 11, and vaccinia virus (6, 16, 18, 26, 33, 38, 46, 54) . A study of the relevance of HS to the pathogenesis of SV may therefore lead to parallel insights into the in vivo behavior of other HS-binding viruses.
The alphavirus virion structure is relatively simple, with an outer lipid layer which is derived from the host cell membrane and which contains 240 copies of the viral E1 and E2 glycoproteins (44) . The E2 glycoprotein is synthesized as a larger precursor which is cleaved into E2 and another short protein, E3, which remains associated with the virion for some alphaviruses, although not for SV. Inside the virion is an icosahedral capsid which surrounds the 11.7-kb positive-sense RNA genome. During infection, the E2 glycoprotein is largely responsible for binding to cells. After the virus is endocytosed, an acid-induced rearrangement of the glycoproteins exposes a hydrophobic domain of E1, allowing fusion of the viral and cellular membranes and penetration of the capsid into the cytoplasm.
Pharmacokinetic studies have shown that when HS-binding proteins are injected intravenously, they are rapidly cleared from the circulation through binding to tissue HS (27, 28) . There is reason to suspect that HS-binding viruses may behave in the same manner. A number of studies have shown that alphavirus strains have different clearance rates after intravenous injection, with small-plaque (SP) variants typically having shorter half-lives than large-plaque (LP) variants (20, 22, 40) , but the reason for these findings has been unknown. We have proposed that binding to HS controls both the plaque size and the circulating half-life and that SP variants are cleared more quickly from the circulation because they bind better to HS (4) . This characteristic may contribute to lower levels of viremia during infection with SP variants and consequent lower mortality rates. The present study was undertaken to explore this hypothesis, with the additional aim of defining the regions of the SV glycoproteins which are involved in binding to HS.
MATERIALS AND METHODS
Viruses and cells. BHK-21 cells were grown in Dulbecco's modified Eagle medium containing 10% heat-inactivated fetal calf serum and 50 g of gentamicin per ml. CHO-K1 and glycosaminoglycan-deficient pgsA-745 cells (10) were grown in Ham's F-12 medium with the same supplements. SV strains Toto 1101 (41) and AR339 were grown and passaged on BHK cells. Plaque assays were performed as previously described (4) with BHK cells under 0.6% Bacto Agar (Difco, Detroit, Mich.) or agarose (Gibco BRL, Gaithersburg, Md.).
Site-directed mutagenesis of Toto 1101 was performed with a 1.2-kb StuI/ BssHII fragment by use of the GeneEditor mutagenesis system (Promega, Madison, Wis.). After being cloned into pToto1101, the entire 1.2-kb region was verified by sequencing. Plasmids were linearized with XhoI, and capped RNA was transcribed with an Invitroscript CAP kit (Invitrogen, Carlsbad, Calif.). RNA was electroporated into 5 ϫ 10 6 pgsA-745 cells, and virus was allowed to grow for 2 days in Ham's F-12 medium containing 10% heat-inactivated fetal calf serum. Titers of stocks were determined by a plaque assay with BHK cells under agar. For measuring plaque size, plates were overlaid with either agar or agarose, and after 2 days, the diameters of at least 15 plaques were measured to the nearest 0.5 mm.
[ 35 S]Met-Cys-labeled viral stocks were grown on BHK cells as described previously (4) following infection with unpassaged pgsA-745-derived stocks at a multiplicity of infection of 0.5 to 1. Unlabeled high-titer viral stocks for intravenous clearance studies were grown in a similar manner. Both labeled and unlabeled stocks were purified as described previously (4) by pelleting with polyethylene glycol, banding on a potassium tartrate gradient, and pelleting through a 15% sucrose cushion.
Binding of radiolabeled virus to CHO and pgsA-745 cell monolayers at 4°C was determined as previously described (4) in phosphate-buffered saline (PBS) (pH 7.2) with 0.5 mM MgCl 2 , 0.5 mM CaCl 2 , and 0.5% bovine serum albumin.
Heparin-Sepharose chromatography. Prepacked 1-ml heparin-Sepharose HiTrap columns (Amersham Pharmacia Biotech, Piscataway, N.J.) were equilibrated with 10 ml of 50 mM NaCl-5 mM phosphate (pH 7.5)-0.5% bovine serum albumin. This step was followed by the addition of 1 ml of the same buffer containing 100,000 cpm of 35 S-labeled virus at a rate of 1 ml/min and collection of 1-ml fractions. After 10 ml of the same 50 mM NaCl buffer was added, the virus was eluted with a 40-ml linear gradient from 50 to 500 mM NaCl. Any remaining virus was removed with 10 ml of 0.5% sodium dodecyl sulfate. Fractions were counted by liquid scintillation spectroscopy, and the NaCl concentration of the peak fraction was determined with a conductivity meter.
ELISA. Half-area 96-well plates were coated with polyethylene glycol-precipitated virus at 0.6 g per well. Monoclonal antibodies (MAb) reactive against the SV E2 glycoprotein were added to duplicate wells as 1:1,000 dilutions of ascitic fluid. Two MAb directed against the E2c epitope, R6 (37) and G5 (51), along with 202, an antibody reactive with the E2ab epitope (36) , and 3E1, a negative control MAb against herpes simplex virus, were used. The enzyme-linked immunosorbent assay (ELISA) was developed with a rabbit anti-mouse antibody conjugated to horseradish peroxidase, and samples were reacted with o-phenylenediamine for 30 min at room temperature. Optical densities at 450 nm of Ͻ0.1 were considered negative, and values of Ͼ0.3 were considered positive.
Mice. Alpha/beta interferon (IFN-␣/␤) receptor-deficient (A129) mice were obtained from B&K Universal (Hull, United Kingdom) and bred in a specificpathogen-free facility at Johns Hopkins University. Antibody-deficient (MT) mice were obtained from Jackson Laboratories (Bar Harbor, Maine). Viral virulence was determined with 2-day-old litters of CD-1 mice obtained from Charles River Laboratories (Wilmington, Mass.). Mice were injected subcutaneously with 1,000 PFU of unpassaged pgsA-745-grown virus in 30 l of Hank's balanced salt solution and were monitored daily for 15 days. At least four litters of mice (total of at least 38 mice) were used per virus.
For intravenous clearance studies, 5-to 7-week-old male ICR mice (Taconic, Germantown, N.Y.) weighing 30 to 40 g were anesthetized intraperitoneally with tribromoethanol (Avertin; 0.5 mg per g of body weight) and kept anesthetized until the end of the experiment. Mice were injected intravenously via the tail vein with about 10 7 PFU of gradient-purified virus in 100 l of PBS. Blood was collected from the retro-orbital plexus at 2, 5, 10, 20, 30, and 45 min postinjection by use of a 20-l capillary tube. Blood was allowed to clot at room temperature, and the amount of virus in the serum was determined by a plaque assay with BHK cells. The clearance curves were fitted to the equation V ϭ Ae Ϫt/␣ ϩ Be Ϫt/␤ , where V is the viral concentration in PFU per milliliter and t is the time postinjection. Weighted (1/V) nonlinear regression was performed with SigmaPlot (SPSS, Chicago, Ill.). The viral concentrations were normalized by dividing them by V 0 , the concentration of virus at 0 min postinjection, which was calculated according to the above equation.
Alternatively, ICR mice were injected intravenously with approximately 150,000 cpm of 35 S-labeled purified virus in 100 l of PBS. At 30 min postinjection, mice were exsanguinated by perfusion with PBS. Various organs were collected and dissolved in 5 M NaOH for 4 to 5 h at 70°C. Following the addition of Liquiscint (National Diagnostics, Atlanta, Ga.) and neutralization with glacial acetic acid, counts were determined by liquid scintillation spectroscopy.
RESULTS

Derivation of LP viruses.
Agar contains a sulfated polysaccharide which interferes with the efficient attachment of certain viruses to cells (49, 50) . Agarose is a purified form of agar which does not contain sulfated polysaccharides. We have hypothesized that viruses which bind strongly to HS are impaired by the sulfated polysaccharide in agar and therefore have a smaller plaque size under agar than they do under agarose (4) . In contrast, the finding that the plaque size of a virus under agar is large and essentially equal to the plaque size under agarose may be evidence that a virus binds less well to glycosaminoglycans. We noticed that within a few days after infection of mice with SP strains of SV, such as Toto 1101 and AR339, serum frequently had a mixture of SP and LP viruses when assayed on BHK monolayers under agar. The LP mutants presumably enjoy a selective advantage during infection (see below). For these experiments, it was helpful to use models with long-lasting and high-titer serum viremia, such as mice deficient in antibody or the type I interferon receptor, although infection of normal neonatal mice also resulted in LP mutants. Even so, LP viruses were not found in every animal, and the percentage of LP viruses in the serum of any given mouse was variable, ranging from a small percentage to 80%.
LP viruses from individual mice were isolated, plaque purified, and expanded on BHK cells. RNA was isolated from infected cells and amplified by reverse transcription-PCR for complete sequencing of the E2, 6K, and E1 genes and partial sequencing of the E3 gene, including the furin protease cleavage site at the E3-E2 junction. 6K is a short hydrophobic protein that is present in the virion lipid membrane in small amounts and is not expected to interact with cellular receptors. Every LP isolate had at least one amino acid change in the E2 ectodomain (Table 1) , while no coding changes in the E1, 6K, or E3 regions were found. In some cases, a second LP isolate from the same animal was sequenced; these pairs of isolates always had identical mutations.
Preliminary characterization of LP isolates indicated a reduced ability to bind heparin (data not shown). To examine the effect of specific E2 mutations in the absence of other potential changes in unsequenced regions of the viral genome, individual codon changes were introduced into plasmid pToto1101 in order to transcribe infectious SV RNA (41) . When more than one mutation was found in an individual virus, the change involving the loss of a positively charged amino acid was chosen (Table 2 ), as such residues might participate directly in binding to sulfates on HS. Mutation of the Lys at residue 76 of E2 was found in two separate isolates, one with a change to Asn and one with a change to Glu (Table 1) . Because a change of Lys 76 to Thr has previously been reported to occur during selection for budding in cultured cells under low-ionic-strength conditions (34), we also constructed a virus containing Thr at this position.
Transfection and passaging of non-HS-binding SV variants on BHK cells can result in the rapid selection of HS-binding mutant viruses, which are at a selective advantage in tissue cultures because they bind much better to BHK cells (32) . To minimize such selection pressure, we transfected viral RNA into pgsA-745 cells (which do not synthesize HS) and produced high-titer stocks by infecting BHK cells with the unpassaged virus at a relatively high multiplicity of infection (see Materials and Methods).
All seven of the recombinant viruses produced plaques under agar which were significantly larger than plaques made by the parental strain Toto 1101 ( Table 2 ), indicating that the LP phenotypes of the original viral isolates were due solely to mutations in the E2 glycoprotein.
Viral binding to heparin, HS, and MAb. Radiolabeled, purified preparations of Toto 1101 and the seven recombinant viruses were examined by heparin-Sepharose chromatography. Heparin is a more highly sulfated glycosaminoglycan than HS, but the carbohydrate structure is otherwise similar. Mutated viruses were eluted from heparin-Sepharose columns at a range of NaCl concentrations, but all were eluted earlier than Toto 1101, indicating weaker binding to heparin ( Fig. 1 and Table 2 ). All three viruses with substitutions for Lys 76 bound poorly to heparin. However, the virus containing the polar amino acid Asn at position 76 had the best binding of the three-heparin-binding sites sometimes contain Asn or Gln residues which interact with heparin through hydrogen bonds (15) . Virus with Thr 76 bound more poorly to heparin than virus with Asn 76, and the negatively charged Glu 76 mutant bound most poorly of all. This result may indicate that the residue at position 76 interacts directly with sulfates on heparin and that the overall charge of the E2 glycoprotein at this position is important in determining the strength of the interaction.
When viral binding to monolayers of CHO cells was examined, the percentage of virus bound by the monolayers correlated well (r 2 , 0.76) with the ability of the virus to bind to heparin (Fig. 2) . CHO cells express HS and chondroitin sulfate, but the CHO-derived pgsA-745 cell line expresses neither of these glycosaminoglycans (10) . When binding to pgsA-745 cells was examined, viruses such as Toto 1101 and R157H, which bound strongly to CHO cells, bound much less well to pgsA-745 cells. In contrast, viruses K76E, K76T, and K76N bound equally well to CHO and pgsA-745 cells, indicating that they were essentially unable to bind to cellular HS. Surprisingly, however, there was a correlation (r 2 , 0.96) between heparin binding and binding to pgsA-745 cells (Fig. 2) . In other words, even in the complete absence of cellular HS, viruses such as Toto 1101 and R157H were two-to threefold better at binding to pgsA-745 cells than K76E, K76T, and K76N were. This result may indicate that disrupting the ability of the virus to bind to heparin and HS also decreases the ability to bind to other, nonglycosaminoglycan receptors.
Two of the mutations found in our LP viruses, N62D and K159E, have been previously described by Pence et al. during selection for antibody escape mutants which fail to bind MAb R6, a neutralizing antibody against the E2c epitope (39). Because we established that these two amino acid changes also decrease binding to heparin, we examined whether a lack of reactivity to MAb R6 was a general feature of viruses with impaired binding to heparin. Of the seven mutants, however, only N62D and K159E failed to bind to MAb R6 ( Table 2 ), indicating that this was not the case. All eight viruses bound equal amounts of MAb G5 (another antibody against the E2c epitope) and MAb 202, an antibody against the E2ab epitope.
Behavior in mice. Heparin-binding proteins tend to have very short half-lives in the circulation, being rapidly sequestered by tissue HS, particularly in the liver, which has the most highly sulfated HS of any organ (2, 35, 53, 55 reported in several studies that plaque variants of alphaviruses are cleared at variable rates from the circulation after an intravenous injection, with LP variants typically having longer half-lives (19, 20, 40) . Because it is now apparent that one of the factors contributing to increased plaque size is a decreased ability to bind to sulfated polysaccharides, we reexamined the elimination of virus from the circulation. Purified viral preparations were injected intravenously as a bolus, and blood was collected at intervals for 45 min. The parental virus, Toto 1101, was cleared from the circulation much faster than any of the seven viruses having reduced heparin affinity (Fig. 3) . All viruses were eliminated with biphasic kinetics (see Discussion). The clearance of infectious virus shown here represents actual physical removal of the virus from the circulation and is not due merely to inactivation of infectivity. Previous studies have shown that alphaviruses, regardless of plaque size, are not inactivated by serum or whole blood (22, 40) , and clearance of radiolabeled alphaviruses from the circulation has been shown to follow kinetics identical to the clearance of PFU (20, 21) . In order to determine the organ distribution of virus following clearance from the circulation, various radiolabeled viruses were injected intravenously, and selected organs were collected after perfusion of the mice 30 min later. For Toto 1101, about half of the injected counts were found in the liver, with a much smaller amount being associated with the spleen (Table 3). When K159E and K76E were injected, the liver contained significantly smaller amounts than had been found with Toto 1101 (P, Ͻ0.05, as determined by an analysis of variance followed by a Tukey test). K159E and K76E were also found in the spleen, although the amounts were highly variable, with no significant differences compared to the amount of Toto 1101. For all three viruses, little radioactivity could be found in the kidneys, lungs, or brain. Not all of the injected counts were recovered-for K159E and K76E, 7 to 9% of the virus was still in the circulation at this time (Fig. 3) , and the remaining virus was presumed to be distributed widely throughout the body. Another Alphavirus, Venezuelan equine encephalitis virus (VEE virus), shows a similar organ distribution after intravenous injection (20) .
Toto 1101 and each of the seven recombinant viruses were injected subcutaneously into 2-day-old mice, and serum titers were assayed over the following 2 days (Fig. 4A) . In every case, mice infected with an LP mutant had significantly higher titers than mice infected with Toto 1101. However, when the peak serum titer was plotted against the strength of association with heparin, no obvious relationship between these two factors was apparent (Fig. 4B) . Thus, while reducing the ability of the viruses to bind to HS always led to higher viremia, the mutations may have had other effects on the ability of the viruses to replicate. It should be pointed out that plaque assays are an imperfect measure of the amount of a virus when the viruses being compared do not bind equally well to HS. Viruses such as Toto 1101 and R157H bind much better to BHK cells and will have a lower particle/PFU ratio than viruses such as K76E.
Four of the seven mutants (N62D, K76E, R157H, and K230M) produced significantly greater mortality than Toto 1101 when injected subcutaneously into 2-day-old mice (Fig.  5) . The three remaining mutants (K76T, K76N, and K159E) had survival curves that were approximately similar to that of Toto 1101. Thus, even though all seven mutants produced significantly higher viremia than Toto 1101, only four caused significantly increased mortality.
DISCUSSION
In this study, we derived a panel of viruses with different abilities to bind HS, both to define the HS-interacting regions of the SV glycoproteins and to find out how the ability to bind HS influences infection in vivo. Because the plaque size of SV is affected by interaction with sulfated polysaccharides in agar, we were able to easily screen for viruses with a reduced ability to bind HS. Low-HS-binding LP mutants arose spontaneously during infection in mice and had alterations scattered through a wide region of the E2 glycoprotein. Viruses with these changes in E2 were cleared more slowly from the blood, caused higher viremia, and often induced greater mortality.
Binding of E2 to HS. In the absence of detailed structural information about the alphavirus E2 glycoprotein, it is difficult to demonstrate that any particular amino acid is part of a binding site for HS or even that the amino acid is exposed on the surface of the virion. The mutations described here could, for example, alter the tertiary structure of E2 and obscure an HS-binding site located elsewhere on E2 or E1. Nevertheless, four of the five mutated positions (K76, R157, K159, and K230) encode Lys or Arg. Because interactions between HS and proteins are primarily electrostatic and involve negatively charged sulfates binding to positively charged amino acids, these four residues have the potential to interact directly with HS. The remaining mutation in this study, N62D, did not involve the loss of a positively charged amino acid, but the gain of a negatively charged Asp might interfere with binding to HS by electrostatic repulsion.
It is likely that the Lys at position 76 directly participates in binding to HS, since replacing Lys 76 with negatively charged Glu resulted in poorer binding to heparin than was seen for viruses with either Asn or Thr at this position (Table 2 ). This result suggests that the charge of the amino acid at position 76 may be an important determinant of the strength of the interaction between E2 and heparin. An analogous mutation in VEE virus, changing the wild-type Glu 76 to Lys, results in an SP virus which replicates to lower titers in vivo and causes less mortality (7, 13) . Klimstra et al. have shown that mutations at additional E2 residues can alter the binding of SV to HS (32) . Many strains of SV have a Lys at position 70 of E2, and changing this residue to Glu leads to a decreased ability to bind to HS. Also, substitution of an Arg for the Ser at position 114 results in an increase in binding to HS (32) . The involvement of positively charged residues again suggests that these may contribute directly to binding of HS rather than indirectly by altering the tertiary structure of E2. In addition, although E3 is normally shed from the virion, the positively charged furin protease cleavage site at the C terminus of E3 can mediate binding to HS in cleavage-defective mutants when E3 remains attached to E2 (31) .
It may appear odd that mutations over such a wide stretch of E2, spanning residues 62 to 230, can affect binding to HS, especially given that many HS-binding proteins have very short HS-binding sites containing clusters of Lys and Arg residues (15) . However, HS-binding sites can also be formed when positively charged residues are brought into proximity in the tertiary or quaternary structure of a protein. Indeed, it has recently been shown that the HS-binding site on the surface of FMDV virions lies at the intersection of three different capsid   FIG. 4 . Serum titers. (A) CD-1 pups (2 days old) were infected subcutaneously with 1,000 PFU of virus, and serum titers were assessed at various times by a plaque assay (mean for three mice at each time point; error bars are not shown). All LP viruses retained their LP phenotype. A two-way analysis of variance showed a significant (P, Ͻ0.0001) effect of viral strain on titer, and titers of Toto 1101 were lower than those of all seven mutant viruses when compared by Scheffe's test (P, Ͻ0.05). (B) Plotting of peak titer (mean Ϯ standard deviation) versus elution from heparin-Sepharose failed to indicate a simple correlation between virus replication in vivo and the strength of binding to heparin.
FIG. 5. Survival curves. Litters of 2-day-old CD-1 pups were infected subcutaneously with 1,000 PFU of virus, and survival was monitored for 15 days. R157H, K230M, N62D, and K76E produced significantly greater mortality than Toto 1101. Survival curves were compared pairwise against Toto 1101 by use of the log rank test with a threshold for significance (P) of Ͻ0.0071; the Bonferonni correction for multiple comparisons was used.
proteins (11) . Furthermore, the finding of a widely distributed HS-binding site on E2 is compatible with the fact that the E2c epitope is conformational and covers a large stretch of E2. Binding of MAb R6 to this epitope is affected by mutations in residues 62, 96, 114, and 159, which are distant from each other in the primary protein sequence but are likely to be located near each other in the three-dimensional folded structure of E2 (37, 39) .
Viral behavior in vivo. Although numerous viruses bind to HS and it is easy to show that this activity increases the efficiency of viral attachment to cultured cells, almost no studies have examined how binding to HS influences infection in vivo. Sa-Carvalho et al. have shown that variants of FMDV which bind well to HS are attenuated in cattle, showing a decreased ability to spread from the site of inoculation (43) . We (4) and others (32) have proposed that the ability of SV to bind HS may cause attenuation in vivo in a similar manner.
Fortunately, a great deal is known about how HS-binding proteins behave in vivo. Pharmacokinetic studies on HS-binding proteins, such as bactericidal/permeability-increasing protein, extracellular-superoxide dismutase, and hepatocyte growth factor/scatter factor, have demonstrated rapid biphasic clearance from the circulation after intravenous injection (1, 14, 28) . The biphasic decay can be modeled as the sum of two exponential equations (12) . The early, rapid phase of clearance is strongly influenced by binding to HS; clearance during this phase can be decreased by coinjecting heparin (27, 52) , digesting tissue HS with intravenous heparinase (25) , or mutating basic residues so that the protein is no longer able to bind HS (14, 28) . Because the liver contains large amounts of highly sulfated HS (35) , a large percentage of the protein removed from the circulation can be found in this organ (2, 25, 27, 53, 55) .
A number of investigations into the clearance of alphaviruses from the circulation were performed 20 to 30 years ago; these included studies on SV (40), western equine encephalitis virus (19) , and VEE virus (20) (21) (22) . All showed that SP variants were typically cleared faster after an intravenous injection than LP variants. One of these studies demonstrated the accumulation of VEE virus in the liver, with virions deposited in sinusoids and the spaces of Disse, as well as within vacuoles of Kupffer cells (20) . Given what is now known about the clearance of HS-binding proteins from the circulation and given that plaque size can be a marker for the ability to bind HS, it seems likely that the differences in clearance rates in these studies were due to differences in viral binding to HS.
The seven mutant viruses in the present study all produced larger plaques under agar than the parental virus Toto 1101 and showed less binding to heparin and cellular HS. All of these mutants also were cleared more slowly from the circulation and caused higher viremia than Toto 1101. These findings together with what is known about the behavior of HS-binding proteins in vivo provide strong evidence that the ability to bind HS has a negative impact on SV production in vivo. It is interesting to note that, even though the viruses showed a broad range of ability to bind heparin and cellular HS, the plaque size and clearance from the circulation both showed threshold behavior-Toto 1101 had SPs and was cleared quickly from the circulation, but all of the LPs were approximately the same size, and all of the LP viruses were cleared at about the same relatively slow rate.
In addition to accelerated clearance, another mechanism which might prevent HS-binding viruses from achieving high viremia is interaction with HS in the extracellular matrix near the site of viral production. When extracellular-superoxide dismutase is injected subcutaneously or intramuscularly, it diffuses away from the injection site far more slowly than truncated variants of the enzyme which do not bind HS (29) . The equilibrium amount of virus in the blood is a function of both the rate of release of new virus into the circulation and the rate of clearance, and both of these may be decreased if the virus can bind HS.
In spite of the fact that all seven mutant viruses produced significantly higher viremia than Toto 1101 after subcutaneous injection in suckling mice, only four caused significantly greater mortality, suggesting that high viremia may be only one of the factors necessary for high virulence. It should be noted that the K159E mutation, which did not increase virulence in our study, did cause increased virulence in another viral clone (39) , so the background strain of the virus modulates the effects of these mutations as well.
Laboratory strains of SV have typically undergone multiple passages in tissue cultures. Klimstra et al. demonstrated that passaging of a low-HS-binding strain can quickly select for mutants with increased affinity for HS and proposed that wildtype strains of SV may not bind well to HS (32) . Viruses which bind strongly to HS not only may have decreased virulence but also may have trouble achieving high enough viremia to allow transmission to mosquitoes. However, the R157H and N62D mutants in our study retained some ability to bind to HS on cultured cells and yet still caused high viremia and high mortality. Further study of unpassaged wild-type isolates will be required to determine how well natural strains of SV bind HS.
Relevance to other viruses. The general conclusion that strong binding to a ubiquitous carbohydrate such as HS causes attenuation in vivo may apply only to viruses which cause plasma viremia and to instances in which viral spread through the circulation contributes to dissemination within the infected host. High viremia is also an important factor in transmission from host to host for insect-borne arboviruses, such as SV and dengue. In contrast, for viruses such as herpes simplex virus type 1, infection is spread primarily from cell to cell and strong binding to HS is not necessarily deleterious.
FMDV is a picornavirus that infects cattle. It causes viremia, and there is evidence that spread through the bloodstream is important in the dissemination of the virus within the animal (48) . Wild-type isolates of FMDV do not bind to HS, but upon tissue culture passaging, SP variants with the ability to bind to HS arise (18, 43) . HS-binding variants attach better to cultured cells but are attenuated in mice and cattle (24, 43) , apparently because of a reduced ability to spread from the site of inoculation. After injection of cattle with very high doses of an attenuated HS-binding variant, disease and systemic dissemination of the virus can be seen but are due to the development of non-HS-binding LP revertants (43) . Thus, the virus is under strong selective pressure to not bind HS during infection in vivo. A study of the clearance of virulent FMDV from the circulation has been done (47); we would predict that avirulent, HS-binding variants would be cleared considerably faster.
HIV-1 uses CD4 as a receptor and various chemokine receptors as coreceptors. During the early stages of infection, viruses typically use CCR5 as a coreceptor and infect monocytes. At the point of progression to AIDS, there is typically a switch, and T-cell-tropic viruses which use CXCR4 or both CXCR4 and CCR5 arise. Interestingly, only variants that use CXCR4 or both CXCR4 and CCR5 can bind well to HS, and this activity correlates with an increase in the positive charge in the V3 loop (3, 52) . Studies on simian immunodeficiency virus and HIV-1 have found very rapid clearance of virus from the circulation following intravenous injection of virus into monkeys (17, 56) . In order to obtain a complete understanding of the dynamics of viral behavior, it will be necessary to study whether clearance from the circulation is changed by the ability of some strains to bind HS.
Finally, viruses that bind to other ubiquitously present carbohydrates can also show attenuation in vivo if they bind too avidly. Murine polyomavirus binds to sialic acid but does not encode a neuraminidase like influenza virus. Polyomavirus SP variants bind better to cultured cells than LP variants because they attach more avidly to branched sialic-acid-containing oligosaccharides (5); the difference in plaque size is due to binding of sialylated oligosaccharides in the overlay, analogous to the effect of agar sulfated polysaccharides on SV. When virus is injected intraperitoneally, SP viruses cause more tumors in the peritoneum than in the kidney, while the distribution of tumors is reversed for LP viruses (8) . This pattern is due to the fact that LP variants can cause widely disseminated infection, whereas SP variants cannot (9) . Thus, there are multiple ways by which receptor binding influences the pathogenesis of viral infections in vivo.
